23 24 25 2
2
The development of heart-and vascular-network is essential for embryonic survival and organ function. 26 However, whether the genes in the minor zygotic genome activation (ZGA) shaped by a 27 biased-subgenome affect the ZGA and have functions on heart and vascular development are largely 28 unknown. In this study, we discover a novel gene nxh from a group of hub-genes within minor ZGA 29 shaped by a WGD-driven-subgenome of the de novo golden pompano genome. We find that loss of its 30 homolog nxhl in zebrafish not only delays the ZGA activation, but causes pericardial oedema, caudal fin 31 defects, and impairs the growth of intersegmental vessel and caudal vein plexus. Furthermore, loss of nxhl 32 reduces the heart-and vascular-associated landmark gene network (including keystone gene ptprb, hand2, 33 tie2, hey2, and s1pr1, etc.) via a hitherto unreported nxhl-nucleolin-ptprb pathway. We also find that 34 Harbi1 expression in cancer tissue is significantly higher than para-cancer tissue, and silencing of Harbi1, 35 the human homolog of nxh, suppress the angiogenesis of the HUVECs, and migration and EMT of 36 hepatocellular carcinoma cells, indicating its potential as an anti-cancer therapeutic target. Our findings 37 provide new insights into cardio-and vascular-linked functions of the genes in the WGD shaping minor 38 ZGA during marine fish embryo development and clues for anti-cancer therapeutic strategies. Heart and vascular development are essential for embryonic survival and organ function throughout life 53 and must be precisely programed. Heart and vascular development are closely linked 1,2 . In zebrafish, 54 heart development starts at 16 hpf 3 , while vascular development begins at 24 hpf 4 in zebrafish. Both 55 progresses are logically affected by the global zygotic genome activation (ZGA,3 hpf 5 ) process. ZGA is a 56 vital process for subsequent embryo development 6 (for a review of the mechanisms underlying ZGA, see 57 ref 7 ). Although the timing of ZGA and from one to another transcriptional activation vary in different 58 vertebrate species (reviewed in refs 7,8 ), studies using genomic approaches confirmed that a minor wave of 59 ZGA (a low level, yet distinct, early activation of transcription) exists prior to the major wave of ZGA 9 . 60 The latest study in mice demonstrated that transient inhibition of minor ZGA results in compromised 61 development of major ZGA and subsequent stages 10 , suggesting the minor ZGA may contribute to 62 signaling the further activation of the genome. Therefore, no matter in fish or mammals, the genes 63 affecting minor ZGA process might impact the heart and vascular development even the following cell or 64 organ biological functions. 65 On the other hand, vessels are tightly associated with tumor or cancer progression. Vessel propagations 66 facilitate the malignant of cancers 11 . Targeting the cancer angiogenesis or vessels has been shown to be an 67 effective way to fight against cancers 12 . The molecules that can inhibit the vascular development have 68 potential value on the anti-cancer therapy 13 . Considering the force of conservative evolution, we supposed 69 that genes associated with vascular development in lower vertebrates, such as fish, might keep the 70 corresponding core functions in the higher vertebrates, such as humen. We tried to find such connections 71 between fish and humen. 72 It has been evidenced that teleosts underwent a third round of while genome duplication (WGD; Ts3R, 73 about~320 million years ago (Mya) 14, 15 , which is thought to have been a driver for the radiation and 74 diversification of teleosts 16 and to be a cause of phenotypic innovation and complexity 17, 18 . After WGD, 75 many of the duplicated genes are lost. This loss often shows a subgenome-bias pattern 19, 20 . The 76 correlations between the WGD driven-subgenome-bias pattern and the emergence of evolutionary 77 novelties have been demonstrated 21 . Considering the powerful force of WGD on gene functions, we 78 believe that the genes in the WGD-driven-subgenome may play roles on heart and vascular development. 79 However, whether the genes in the minor ZGA shaped by a biased-subgenome affect the ZGA and have 80 functions on heart and vascular development are largely unknown. Moreover, whether the corresponding 81 4 human homolog genes in the minor ZGA shaped by a biased-subgenome in lower vertebrate function as 82 anti-cancer molecules by targeting angiogenesis in human is unclear. In this study, we tried to reveal the 83 functions of such genes based on the genome and embryonic transcriptome of a sea fish Trachinotus 84 ovatus. 85 T. ovatus (Linnaeus 1758, also called golden pompano) is a member of the family Carangidae 86 (Rafinesque, 1815) 22 . It is widely distributed and cultured in the Asia-Pacific region, and has significant 87 economic importance for offshore cage aquaculture in China and Southeast Asian countries 22 . Here, we 88 report the de novo chromosome level-assembly and annotation of golden pompano genome that 89 underwent a subgenomic pattern (least fractionated (LF), medium fractionated (MF), and complete 90 fractionated (Other)). We identified a minor ZGA prior to the major ZGA during its embryonic 91 development, and a novel gene EVM0008813 (designated as New XingHuo, nxh), which concurrently 92 belongs to the subgenome MF and the minor ZGA. We studied the function of nxh in the zebrafish model 93 by morpholino knockdown of its homolog zgc:113227 (designated as New XingHuo-like, nxhl). For the 94 first time, we reveal that loss of nxhl delays the subsequent ZGA activation, causes heart and vascular 95 defects and reduces the angiogenesis via nxhl-nucleolin-ptprb network in zebrafish. This implies that nxh 96 may play a similar function in golden pompano development. Importantly, silence of its human homolog 97 Harbi1 significantly inhibits the migration, invasion and tube formation of HUVEC cells and the 98 proliferation and metastasis of hepatocellular carcinoma cell lines, showing an anti-cancer potential. Our 99 study provides a new insight on cardio-and vascular-linked functions of the genes in the minor ZGA of 100 teleosts during embryonic development and clues for anti-cancer therapeutic strategies. 101 . 102 
RESULTS

103
Genome sequencing, assembly and annotation 104 We first estimated the genome size and GC content of golden pompano at 656.98 Mb and 41.54% based 105 on 21-Kmer ( Figure S1 ).Then we sequenced and assembled the genome of a female individual through a 106 combination of three technologies: paired-end sequencing with the Illumina HiSeq platform, 107 single-molecule real time (SMRT) sequencing with the PacBio Sequel platform, and optical genome 108 mapping with the BioNano Genomics Saphyr System ( Figure S2 ; TableS1, S2A), and an assembly 109 containing 1,490 scaffolds, with a scaffold N50 length of 21.02 Mb was built (Table S1C and S2A). Next, 110 we anchored and oriented the assembly sequences onto 24 pseudo-molecules, which accounted for 111 5 98.60% (636.61 Mb) of genome assembly ( Figure S3 ; Table S1 and S2) according to the interaction 112 frequency mapping of 38.7-fold high-through chromosome conformation capture (Hi-C) data (Table S1d) . 113 We finally obtained a genome assembly containing 645.62 Mb of genome data made of 1,536 scaffolds 114 (included 24 pseudochromosomes) with scaffold N50 size of 20.22 Mb (Table S2b ). The quality 115 evaluation of the assembled genome turned out to reveal a high level of contiguity and connectivity for 116 the golden pompano genome and facilitated further analyses (Table S2 , S3; Figure S3 ). By combing the 117 evidence of de novo, homologs and transcriptome approaches, we annotated 24,186 high confidence 118 protein-coding genes, 152 pseudogenes and 1,274 noncoding RNAs (Table S3 , S4 S5 and S6), in 119 comparison to zebrafish (25,642 protein-coding genes). We visualized the genomic landscape of genes, 120 repetitive sequences, genome map markers, Hi-C data, and GC content of the golden pompano genome 121 by circus 23 ( Figure S4 ). As expected, the repetitive elements accumulated in low gene density regions (Table S7 -S17).
126
Subgenomic patterning suggests karyotypes-retained genes crucial for retaining embryo 127 development stability 128 To examine the evolutionary position of the golden pompano, we reconstructed the evolutionary history 129 of teleost fishes. Phylogenies strongly supported the traditional classification that the golden pompano 130 belongs to Carangidae. Golden pompano is a sister of Seriola dumerilie, and diverged at approximate 131 59.99 Mya ( Figure 1A ). Gene family analyses showed that Perciformes and zebrafish share 9,412 families, 132 and the number of species-specific families in Perciformes is apparently lower than in zebrafish (Figure   133   S5 ). Assuming a constant rate of distribution of silent substitutions (dS) 24 of 1.5e-8, we estimated the 134 dates of Ts3R and Ss4R at 350 Mya and 96 Mya, respectively ( Figure 1B ). Genome collinearity 135 comparison among spotted gar karyotypes (preserved in golden pompano genome) showed that 894 pairs 136 of paralogous genes that were inherited from the Ts3R event (ohnologues) retained a double-conserved 137 synteny block in the golden pompano genome ( Figure 1C , and Table S18), implying that teleost-ancestral 138 karyotypes are considerably conserved in post-Ts3R rediploidization with large fissions, fusions or 139 translocations ( Figure 1D , and Table S19-S20). Next, we classified the Ts3R subgenomes according to the 140 integrity of gene as belonging to the LF, MF, and Other subgenome 25 . The component of 141 rediploidization-driven subgenomes (LF, MF, and Other) is unequally distributed among golden pompano 142 6 subgenomes ( Figure 1E ), suggesting an asymmetric retention of ancestral subgenomes in teleosts, which 143 is commomly observed in plants 26,27 . 144 Although the gene expression evolution following the WGD event has debated in fishes 28, 29 , knowledge 145 on the rediploidization process and embryo development stability is lacking. We then compared the 146 genome-wide transcriptional levels of LF, MF, and Other karyotypes from whole-embryo development 147 stages (OSP to YAPS) ( Figure 2A ). Karyotypes-retained regions (LF and MF) showed comparable 148 expression levels during the embryo development, while karyotypes-loss regions (Other) were expressed 149 at significantly lower levels (signed-rank sum test, P < 0.01) ( Figure S6A ). The Ks/Ks values of 150 karyotypes-retained regions are significantly lower than those of karyotypes-loss regions ( Figure S6B ). 151 This observation indicated that karyotypes-loss genes evolved faster than did the karyotypes-retained 152 regions. We propose that karyotypes-retained genes are crucial for retaining embryo development stability 153 and that karyotypes-loss genes are more prone to contribute to genetic diversity. Detail descriptions about 154 subgenome can be found in supplementary information.
156
Discovery of a minor ZGA gene that concurrently belongs to the karyotypes-retained genes during 157 embryo development 158 To prove this idea, we collected 19 embryo stages of the golden pompano and sequenced the mRNAs to 159 figure out the gene expression patterns ( Figure S7 , and Table S21-S26). We found that all 57 of the 160 samples were separated into two components according to the expression profile (Figure 2 ABC). The 161 first 33 samples (from OSP to MGS) cluster into a clade and the residual 24 samples (from LGS to YAPS) 162 cluster into another. The genes in the first clade were clearly "silenced" compared with those of the 163 second clade, in which the gene levels show an explosive increase, which is reminiscent of the ZGA 164 process. We then identified the stages after MGS, namely from LGS to YAPS stage, are the major ZGA 165 (Figure 2 ABC, Figure S8 and Figure S7 ). This ZGA expression profile was verified by our qPCR results 166 ( Figure S9 ). We also noticed that before LGS, a group of genes in three stages, HBS, EGS, and MGS, are 167 highly expressed in the first clade ( Figure 2D ). This unique gene expression profile might be the minor 168 wave of ZGA before the major wave of ZGA. The existence of minor ZGA was previously documented in 169 mammal embryo development 9,10 , and it was suggested to contribute to signaling the massive activation 170 of the genome 30 . Thus, we asked what the functions of the genes in the minor ZGA are during the embryo 171 development of golden pompano. 172 Next, we clustered these genes in the minor ZGA using the WGCNA R package and we found that 173 7 most of them clustered into the purple_module and are co-expressed in a close network, indicating 174 regulatory roles for these genes before the major ZGA (Figure 2 EF). Then we randomly picked 8 genes 175 to verify their expression trends, and we found all of them to coincide in the expression profile of the 176 minor ZGA genes ( Figure S9 ). We subsequently choose the mostly coincident gene to the minor ZGA 177 expression trend, EVM0008813 (designated as New XingHuo, nxh; Figure S10 ), as a representative gene 178 to figure out the function of minor ZGA during embryo development of golden pompano. We found that 179 nxh is one of the karyotypes-retained genes (MF). We then searched the Nr database in NCBI by BLASTp 180 and only one gene zgc:113227 (designated as New XingHuo-like; nxhl) shares 54.7% similarity to nxh at 181 the amino acid level in zebrafish. The collinear analysis shows its homolog gene in zebrafish is also nxhl, 182 and both have the same functional domain DDE_Tnp_4 as the other seven genes have ( Figure S10 Depletion of nxhl delays the ZGA program in zebrafish 187 Next, we investigated the functions of nxhl, the zebrafish homolog of nxh, in zebrafish. Since nxhl shares 188 high (54.7%) similarity to nxh at the amino acid level, we used the morpholino-based knockdown method 189 in zebrafish to study the function of nxhl, which may represent the function of nxh because they share the 190 DDE_Tnp_4 domain. We used two types of morpholinos (MOs) (splice blocking: nxhl e1i1 MO and 191 translational blocking: nxhl ATG MO) to silence nxhl. We firstly investigated whether nxhl plays roles on 192 the ZGA progress. As the main wave of zygotic gene transcription is activated at 3 hpf 5 (Figure 3 A (a)), 193 to determine the effects of nxhl depletion on zygotic transcription, we analyzed the transcriptome of 194 untreated embryos and embryos treated with nxhl-targeting MOs using RNA-seq. We identified 195 differentially expressed transcripts between wild type and nxhl-depleted embryos, and found that nxhl 196 depletion most robustly affected transcript levels post ZGA at 6 hpf but not 3 hpf (Figure 3 Table   197 S27).The principal component (PCA) plot in Figure 3 A (c) showed that nxhl depletion results in a big 198 difference on zygotic transcription at 6 hpf instead of 3 hpf. We next classified 31 the differentially 199 expressed transcripts into maternal, weakly maternal or zygotic transcripts in nxhl-depleted embryos 200 compared with wild type. We found that upon nxhl depletion, the differentially expressed maternal 201 transcripts relative to wild-type and zygotic transcripts under-represented at 6 hpf were more abundant 202 than that at 3 hpf, suggesting that ZGA was delayed (Figure 3 A (d) , Table S27 ). We next plotted the 203 expression levels of differentially expressed transcripts identified from shield stage at all time points, and 204 8 found that transcripts in nxhl-depleted embryos significantly increase or decrease at 6 hpf instead of that 205 at 3 hpf with comparison to wild type (Figure 3 B (a and b) ). We then detected the expressions of the 206 ZGA marker genes using quantitative PCR, which showed that six ZGA marker genes expressed more 207 robustly at 6 hpf rather than 3 hpf comparing to wild type, confirming the delay of ZGA program ( Figure   208 3 B (c)). We also found that at the 6 hpf shield stage, transcripts reduced upon nxhl depletion are involved 209 in morphogenesis development, Wnt signalling, and oxidoreductase activity, while transcripts elevated 210 participate in protein binding and mitochondrial assembly (Figure 3 C, Table S28 ). Overall, our data 211 suggest that nxhl is essential to promotion of ZGA program and depletion of nxhl delays the ZGA in 212 zebrafish. This finding is consistent with previous research in the mouse 10 and highlights the important 213 function of nxh and nxhl during embryo development.
215
Knockdown of nxhl causes morphological defects in the heart and caudal fin in zebrafish 216 Next, we investigated whether loss of nxhl affects morphology development the zebrafish. We knocked 217 down nxhl as depiction in Figure 4 A. Heart and vascular development starts at 16 hpf 3 and 24 hpf 4 in 218 zebrafish, respectively. This means heart and vascular development occur after the major ZGA (3 hpf). 219 Since the loss of nxhl significantly suppresses the major ZGA in zebrafish, we speculated that nxhl may Since nxhl silence caused pericardial edema and caudal fin defects, we speculated that there is a positive 241 connection between the vascular system and these phenotypes. We then used the Tg(fli1a:EGFP) y1 242 zebrafish as a model to find out if the vascular development is impaired by knockdown of nxhl. Embryos 243 were injected with 4 ng control MO or nxhl e1i1 MO, and the results exhibited that loss of nxhl caused 244 intersegmental vessel (ISV) growth defect and disruption of the honeycomb structure in the CVP at 52 245 hpf ( Figure 4C (a-f)). Also, a thinner ISV growth and ectopic sprouts of dorsal aorta were observed at the 246 rear-somite with only 10% of complete ISVs (n=365 embryos) in nxhl e1i1 morphants compared to 98% of 247 complete ISVs in controls (n=335 embryos). In control embryos, the parachordal vessels (PAV) were 248 formed normally, while the nxhl e1i1 MO knockdown prevented the parachordal vessels (PAV) formation 249 ( Figure 4C (g) ). We also observed that CVPs formed honeycomb-like structures at the tail around 52 hpf 250 in control embryos, but nxhl e1i1 MO knockdown caused specific defects in CVP formation ( Figure 4D 251 (a-f)). Quantification of loop formation and the area at CVP showed a 8.2-fold and 3-fold decrease in nxhl 252 e1i1 MO morphants (n=10 embryos) at 52 hpf, respectively ( Figure 4D (g and h) ). Our data indicate that 253 nxhl plays a critical role in controlling vascular integrity and in regulating ISV and CVP formation during 254 angiogenesis, which is an explanation strongly consistent with the phenotypes observed. What is the 255 mechanism behind? 256 257 Nxhl may play role in angiogenesis via endothelial cells and its human homolog Harbi1 is a 258 potential anti-cancer therapeutic target 259 Endothelial cells are the building elements of blood vessels. As nxhl plays a critical role in controlling 260 vascular integrity, we then speculated that it may affect angiogenesis via endothelial cells. This is 261 supported by the significant enrichment of the genes involved in blood vessel morphogenesis when nxhl 262 was knocked down (Table S29 ). Since human Harbi1 gene shares DDE_Tnp_4 domain with nxhl and nxh 263 ( Figure S10 ), it is supposed to play similar role to nxhl and nxh in vascular epithelioid cells. Next, we 264 designed siRNAs targeting human Harbi1, transferred siRNA into human umbilical vein endothelial 265 (HUVEC) cells and investigated their cell migration, invasion, and tube formation. We observed that 266 10 silencing of Harbi1 not only significantly inhibits the cell migration and invasion abilities but also the 267 tube formation compared with controls in HUVECs ( Figure 5A ; Figure S13A ). This highlights the 268 anti-angiogenesis function of Harbi1, indicating that nxh and nxhl are functionally related. Because 269 targeting angiogenesis has great potential in anti-tumor or anti-cancer therapy 32,33 , we next asked whether 270 this anti-angiogenesis function of Harbi1 affects the angiogenesis of the cancer cells. We choose 271 SMMC7721 (hepatocellular carcinoma, HCC), A549 (non-small cell lung cancer, NSCLC), and HCT116 272 (colon carcinoma, Colo) cancer cell lines, transferred with si-Harbi1, then their supernatants incubated 273 with HUVECs, respectively. We observed the abilities of tube formation in all of the cancer cells are 274 significantly inhibited compared with controls ( Figure 5B ; Figure S13B ; Figure S13C ). This shows that 275 silencing of Harbi1 does suppress the angiogenesis of the cancer cells. We further silenced the Harbi1 in 276 SMMC7721 cell lines, and found that loss of Harbi1 not only significantly inhibits the proliferation, 277 migration and colony formation of HCC cells, but suppresses the expressions of EMT marker genes 278 ( Figure 5C ; Figure S13D ). We then predicted whether Harbi1 links to the HCC progression based on the 279 data in the cancer genome atlas (TCGA). We found that expressions of Harbi1 in HCC tissues are 280 significantly higher than normal tissues ( Figure S13E ). We next tested this in 72 HCC patients who had 281 been carried out the surgical operation using qRT-PCR. We found that the clinical test results are 282 consistent with TCGA predictions ( Figure 5D ; Figure S13E ). Such function of Harbi1 was never reported 283 before on cancer [34] [35] [36] . Our data indicate that nxhl and nxh, like their human homolog Harbi1, play role in 284 angiogenesis process via endothelial cells and Harbi1 is a potential anti-cancer therapeutic target. Next, we asked how nxhl affects angiogenesis. We first examined transcriptome sequencing (RNA-seq) 289 data from zebrafish after injection of 4 ng nxhl e1i1 MO at 3 dpf. We found that loss of nxhl greatly 290 changes the transcriptome with 1955 down-regulated and 698 up-regulated ( Figure S14 ; Table S21 ). We 291 noticed that in the KEGG pathways associated with heart and vascular development are significantly 292 enriched in the nxhl-silenced group ( Figure S15 ; Table S22 -26) . We speculated that the transcription of 293 genes linked to heart and vascular development may also be significantly changed in the nxhl-silenced 294 zebrafish. We then picked and examined the expression of 18 genes previously documented to be closely 295 related to heart defects and/ or angiogenesis 37-41 using qPCR. Consistent with the RNA-seq data, we 296 found that 13 of these genes (ptprb, tie2, nr2f1a, s1pr1, hey2, dot1L, hand2, erbb2, klf2a, mef2cb, mef2aa, 297 11 ephB2a and cx40.8) were significantly decreased while two genes (vegfaa and vegfr2) increased sharply. 298 S1pr2, egfl7, and nrg2a were kept unchanged ( Figure 6A-D) . Notably, the arterial marker ephB2a and 299 venous marker erbb2 were decreased in nxhl morphants compared to the wild-type ( Figure 6D ). Normally, 300 the increase of vegfaa and vegfr2 is linked to the enhancement of vascular system 42, 43 . However, in our 301 study, both genes increased while others decreased when nxhl was silenced. We speculated this was a 302 consequence of a negative feedback regulation to avoid an excessive decrease in the vascular system. We 303 next found that at the protein level, when nxhl is silenced, the nxhl protein also decreases. ptprb, the most 304 decreased gene, is also greatly reduced at the protein level. The s1pr1, hand2, dot1L, and hey2 proteins 305 were also downregulated compared with controls ( Figure 6F ). As previously reported, ptprb, tie2, nr2f1a, 306 s1pr1, vegfaa and vegfr2 normally contribute to vascular development and deletion of each of them leads 307 to defects on the vascular system during embryo development [42] [43] [44] [45] [46] , while loss of dot1L, hand2, erbb2, 308 mef2cb, mef2aa, ephB2a or cx40.8 always results in cardiovascular system or heart development 309 defects 39, [47] [48] [49] [50] [51] [52] [53] . Hey2 and klf2a have been implicated in the regulation of both angiogenesis and heart 310 development 54, 55 . Based on these reports, we built a schematic diagram of the network as shown in Figure   311 6F. This network demonstrated that silencing of nxhl did downregulate the key genes that are essential for 312 heart and /or vascular development. To this end, our results showed that loss of nxhl greatly affects the 313 expression of these key genes in the network, suggesting that the heart and vascular phenotypes caused by 314 nxhl silencing are greatly due to the regulation of these genes. Thus, we then asked how nxhl mediates the 315 network.
317
Ptprb plays similar function to nxhl in zebrafish and is downstream of nxhl 318 As described above, we noticed that ptprb is the most downregulated gene after silence of nxhl and the 319 one that is closely linked to both vascular integrity and angiogenesis [56] [57] [58] [59] [60] [61] . To test whether there is a 320 positive connection between nxhl and ptprb, we knocked down ptprb by injection of 4 ng ptprb MO 321 morphants designed (see Table 30 ). We observed that embryos injected with ptprb MO present slight 322 pericardial edema, shortened body axis and severe body axis bending ( Figure 7A (a-i) ； Figure S16 ). 323 Moreover, heartbeat and circulation in the caudal vein (CV) is visible in the control fish (Supplementary 324 Movie 3,4), but is abnormal in ptprb-MO-injected fish (Supplementary Movie 5-8). We also recorded a 325 high percentage of embryos with defects (75.48%, n=208 embryos in ptprb MO and 0.94%, n=212 326 embryos in control) and lower survival rate at 50 hpf compared with controls ( Figure 7A (j) ). The 327 efficiency of ptprb MO at 50 hpf demonstrated that injection of 4 ng of ptprb morpholino was highly 328 12 efficient in producing a knockdown of ptprb ( Figure 7A(k, l) ). In the vascular system, loss of ptprb leads 329 to an indefinite absence or deformity of DLAVs (blue arrowhead) and ISVs in the tail end (white and 330 yellow arrowhead), and a decrease of PAV (red arrowhead) formation ( Figure 7B (a-i)). Knockdown of 331 ptprb caused significantly decrease of the mean diametre of ISVs in ptprb-MO injected embryos ( Figure   332 7B (j, k)). We also observed that CVPs formed honeycomb-like structures at the tail around 50 hpf in 333 control embryos, but ptprb MO knockdown causes CVP sinus cavities defects ( Figure 7C (a-c) ). 334 Quantification of loop formation and area at CVP showed a 5.6-fold and 2.2-fold decrease in ptprb MO 335 (n=83 embryos) at 50 hpf, respectively (Figure 7 C (d, e) ). These data are to some extent consistent with 336 previous reports 41 and strongly suggest that loss of ptprb results in heart and vascular phenotypes similar 337 to those of nxhl. Moreover, we also investigated the expression of the 15 genes that were examined in 338 nxhl-knockdown experiment. We found that most of the genes present an expression profile similar to that 339 in nxhl-knockdown experiment, except vegfaa and vegfr2 ( Figure 7D (a, b) ). We then logically concluded 340 that nxhl and ptprb should act in the same signaling pathway. However, which one is downstream of the 341 other is unclear. Therefore, we examined the gene expression of nxhl after silencing of ptprb, and we 342 found that it was kept unchanged ( Figure 7A As mentioned above, among the 18 genes associated with heart and vascular development, 15 genes were 349 significantly changed by the nxhl and ptprb knockdown. We suppose these genes may be part of a 350 regulatory network of their own. We then built a schematic diagram of the network according to previous 351 reports ( Figure 6E ). This network presents connections between most of these genes, suggesting a 352 cooperative regulation mechanism on the heart and vascular development. As we already knew that ptprb 353 acts downstream of nxhl, we next asked if nxhl directly interacts with ptprb to mediate the network. Thus, 354 we designed nxhl probes and conducted a ChIRP-MS experiment in zebrafish to find out those proteins 355 interacting with nxhl. Eleven proteins with change folds above 2 were discovered (Figure 8 A (a, b) ). This 356 indicates that the nxhl RNA may interact with these proteins. Unexpectedly, ptprb was not found in these 357 interacting proteins ( Figure 8A (a, b) ). This suggests that proteins other than ptprb may be involved. We 358 next focused on the proteins of the group of eleven proteins that are associated with the vascular system, 359 13 and nucleolin (NCL) ( Figure 8A (c, d) ) aroused our interest because of its molecular conservation and 360 important functions on angiogenesis 62,63 . To figure out whether nxhl interacts with NCL, we performed 361 RNA Immunoprecipitation (RIP) using the NCL protein as bait protein in 293T cells ( Figure S17 ) and 362 then detected the nxhl RNA using qPCR. We found that nxhl RNA is significantly higher than that in IgG 363 control in the RNAs pulled-down by the NCL protein ( Figure 8B (b, c, d) , and Figure S18, 19) . The RNA 364 pulled down was amplified and the sequencing results confirmed that it is nxhl gene. This indicates that 365 the NCL protein reversely interacts with nxhl RNA. Therefore, these experiments prove that nxhl RNA 366 and NCL interact physically. 367 However, still no evidence was shown on the relationship between nxhl and ptprb. Could it be that 368 NCL interacts with ptprb, thus bridging nxhl and ptprb? Such scenario was never proposed or 369 documented before. However, a report showed that VEGF, which plays roles on vascular development as 370 nxhl does, does interact with NCL 64 . We then supposed that NCL might also interact with ptprb or its 371 human homologue VE-PTP, the key molecule in vascular development. To test this hypothesis, we 372 detected VE-PTP RNA using the same RNAs pulled-down by NCL protein, and we found that VE-PTP 373 RNA is significantly higher than that in IgG control. The RNA pulled down was amplified and the 374 sequencing results proved that it is VE-PTP gene. This indicates that the NCL protein can also interact 375 with VE-PTP RNA physically ( Figure 8B (b, e, f) ). We next verified this interaction in 293T cells using 376 the VE-PTP RNA pulldown experiment in the reverse way, and the result of western blotting against NCL 377 protein supports the interaction between VE-PTP and NCL ( Figure 8C (a) ). However, whether this 378 interaction also occurs between NCL and ptprb in zebrafish is unclear. We next designed a zebrafish ptprb 379 gene-specific probe to pull down the proteins that interact with ptprb in the juvenile zebrafish. We found 380 that the NCL protein band is much stronger that in controls ( Figure 8C (b) ). These results indicate that the 381 NCL protein not only interacts with VEP-PTP in 293T cells but also with ptprb in zebrafish. So far, we 382 proved that nxhl and NCL, NCL and ptprb interact physically. However, how nxhl regulates NCL and 383 ptprb is unclear. To address this issue, we micro-injected 4 ng nxhl-e1i1-MO in one cell stage embryo, 384 and found that resemble phenotypes were induced as that shown in Figure 4 (Figure S20 ). Meanwhile, we 385 found that loss of nxhl not only causes a significant decrease of NCL mRNA and total protein level but 386 also leads to reduction of T76 phosphorylation level and an increase of the K88 acetylation level of the 387 NCL protein (Figure 8 D (a, b) ). This suggests that knockdown of nxhl significantly affects the expression 388 of NCL, which plays vital functions in angiogenesis 63 , although the impact of phosphorylation and 389 acetylation of NCL protein on the heart and vascular development have not been deeply understood yet 62 . 390 14 Then we investigated the expression of the downstream gene ptprb, and found that loss of nxhl also 391 decreases ptprb at both mRNA and protein levels ( Figure 8D (c, d) ). These results suggest that silence of 392 nxhl leads to heart and vascular defect due to the downregulation of both NCL and ptprb via the decrease 393 in the nxhl-NCL and NCL-ptprb interaction. 394 Taken together, we conclude that the NCL protein can not only interact with the upstream nxhl but also 395 the downstream ptprb. This uncovers the existence of regulatory gene upstream of ptprb gene, one of the 396 most important vascular-controllers. Certainly, this logically proves that nxh may act in the same way in 397 the golden pompano. Based on these data, we built a new schematic diagram of the network that shows 398 the nxhl-NCL-ptprb signaling links of the heart and vascular system molecular network ( Figure 8E (a) vs. 399 Figure 6E ). We also made a schematic diagram to describe the possible mechanism underlying 400 nxhl-induced phenotypes ( Figure S21 ), highlighting the finding that loss of nxhl significantly and broadly 401 downregulates heart-and vascular-associated landmark gene network via the nxhl -NCL-ptprb pathway. 402 Given the extreme importance of the heart and vascular development, and the broad connections with 403 landmark genes described in the network, we believe the finding of this novel signaling pathway to be of 404 considerable relevance for the study of the heart and vascular development regulatory network. Taken together, we report the high-quality chromosome-level genome for the golden pompano, which 408 underwent the Ts3R WGD and shows biased-subgenomes retention. For the first time, we show the 409 existence of minor and major ZGA during golden pompano embryo development. We also, for the first 410 time, report that the karyotypes-retained gene nxh belongs to the minor ZGA gene, and its zebrafish 411 homolog nxhl depletion significantly delays the ZGA program in zebrafish. The nxhl plays key roles on 412 the heart and vascular development through regulating a heart-and vascular-associated network of 413 landmark genes. Moreover, we first highlight the interactions between nxhl and NCL, NCL and ptprb, 414 and the existence of a hitherto unreported nxhl-NCL-ptprb signaling pathway as a regulatory complex 415 mediating both heart and vascular development. Finally, we show that the novel angiogenesis and 416 anti-cancer function of Harbi1, the human homolog of nxh, and it might be a potential anti-cancer 417 therapeutic target. A detailed discussion can be found in the supplementary information. Data availability 441 The authors declare that all data reported in this study are fully and freely available from the date of 442 publication. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the 443 accession WOFJ00000000. The version described in this paper is version WOFJ01000000. Table S13 . GO term analysis of positive selection genes for Golden pompano.
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